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Summary
Objective: To establish whether chondrocytes from normal and osteoarthritic human articular cartilage recognize and respond to pressure
induced mechanical strain in a similar manner.
Design: Chondrocytes, extracted from macroscopically normal and osteoarthritic human articular cartilage obtained from knee joints at
autopsy, were grown in monolayer culture and subjected to cyclical pressure-induced strain (PIS) in the absence or presence of anti-integrin
antibodies, agents known to block ion channels and inhibitors of key molecules involved in the integrin-associated signalling pathways. The
response of the cells to mechanical stimulation was assessed by measuring changes in membrane potential.
Results: Unlike chondrocytes from normal articular cartilage, which showed a membrane hyperpolarization response to PIS, chondrocytes
from osteoarthritic cartilage responded by membrane depolarization. The mechanotransduction pathway involves 51 integrins, stretch-
activated ion channels, tyrosine kinases and phospholipase C but the actin cytoskeleton and protein kinase C, which are important in the
membrane hyperpolarization response in normal chondrocytes, are not necessary for membrane depolarization in osteoarthritic chondro-
cytes in response to PIS.
Conclusion: Chondrocytes derived from osteoarthritic cartilage show a different signalling pathway via 51 integrin in response to
mechanical stimulation which may be of importance in the production of phenotypic changes recognized to be present in diseased cartilage.
© 2000 OsteoArthritis Research Society International
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Osteoarthritis (OA) is a degenerative disease of diarthrodial
joints in which degradative and repair processes in articular
cartilage, subchondral bone and synovium occur concur-
rently. The pathological features of cartilage in osteoarthri-
tis including changes in matrix composition, chondrocyte
clustering, cartilage fissuring and flaking are well recog-
nized. At present it is believed that these changes are
induced via a common final pathway, either as a result of
normal mechanical forces acting on structurally abnormal
cartilage or as a result of abnormal mechanical forces on
normal cartilage.1–3 In this final common pathway, chondro-
cytes respond to injury by producing degradative enzymes
and novel matrix macromolecules. These changes in turn
result in a decreased capacity of cartilage to withstand
mechanical forces and the osteoarthritic process is
augmented rather than reduced or reversed.
In vivo studies have shown that mechanical loading is
critically important for the maintenance of normal articular272cartilage integrity.4 Immobilization results in matrix
breakdown5–7 and increased tissue remodelling occurs in
situations where mechanical forces are excessive or abnor-
mally concentrated through regions of the articular cartilage
as a result of joint deformity.8,9 The molecular events which
lead to these changes are not clear. Compression of
articular cartilage by mechanical forces is known to pro-
duce a number of effects which may influence chondrocyte
function. These include deformation of chondrocytes and
the extracellular matrix (ECM), production of hydrostatic
pressure gradients, fluid flow, streaming potentials and
alterations in matrix water content, fixed charge density,
mobile ion concentrations, pH and osmotic pressure.10–12
Experimental mechanical stimulation of articular cartilage
explants and of chondrocytes in monolayer culture have
been shown to induce a variety of physiological and bio-
chemical responses. In normal human articular chondro-
cytes, cyclical pressure-induced strain results in changes
in membrane potential13,14 and increased proteoglycan
synthesis.15 Mechanical compression of bovine cartilage
induces aggrecan gene expression16 and production of
fibronectin.17 As different loading regimes result in different
and often opposing effects on proteoglycan synthesis18,19
it is clear that chondrocytes must have mechanisms
for differentiating mechanical stimuli and responding
appropriately.Received 13 July 1999; accepted 6 December 1999.
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trolled pressure induced strain to cultured cells we have
demonstrated that mechanical signals can be transmitted
across ECM–cell contacts.13,14,20 In this experimental sys-
tem chondrocytes derived from normal human articular
knee joint cartilage respond to cyclical pressure-induced
strain by an increase in negative membrane potential
(membrane hyperpolarization). We have used these
mechanically induced changes in membrane potential to
examine the pathways that are activated in normal human
articular chondrocytes following cyclical strain. The electro-
physiological response to mechanical stimulation is depen-
dent on the frequency of mechanical stimulation and is
cell-type specific.14,20,21 Stimulation of human articular
chondrocytes at a frequency of 0.33 Hz (2 s on/1 s off) for
20 min at 37°C is associated with membrane hyperpolari-
zation and opening of apamin-sensitive, small conductance
(SK) calcium-dependant K+ channels. In this model sys-
tem, 51integrin and integrin-associated signalling mol-
ecules, including the actin cytoskeleton and tyrosine
protein kinases, are required for the hyperpolarization
response to mechanical strain.13,14
The present study was undertaken to investigate
whether the electrophysiological responses to mechanical
stimulation of chondrocytes obtained from normal cartilage
from tibial plateaux and femoral condyles of human knee
joints were similar, and whether there were differences
in response in chondrocytes derived from normal and
osteoarthritic knee joint articular cartilage.
Materials and methods
CHONDROCYTE CULTURES
Knee joints were obtained 1–3 days after death at
hospital autopsy, with relatives’ consent, opened under
aseptic conditions and assessed and graded macroscopi-
cally for the presence or absence of osteoarthritis using the
Collins/McElligott system.22 Donors had died from a variety
of diseases unrelated to the locomotor system and were
undergoing routine hospital autopsy. Cartilage was sam-
pled, from 13 males, mean age 70 years, range 45–81
years and seven females, mean age 73 years, range 49–93
years. Articular cartilage was removed from either macro-
scopically normal or abnormal parts of the joint for isolation
of chondrocytes by enzymatic release.14 Isolated cells
were seeded in Ham’s F12 medium supplemented with
10% FCS, 50 g/ml ascorbic acid, 2 mM L-glutamine,
100 IU/ml penicillin and 100 g/ml streptomycin, at a con-
centration of 5×104 cells/ml into 55 mm diameter tissue
culture dishes (Nunc). Primary, nonconfluent cultures of
chondrocytes were used in all experiments. Morphologi-
cally the cells from both normal and osteoarthritic cartilage
were typically flattened with a polygonal cell shape and did
not show the fibroblastic appearance of dedifferentiated
chondrocytes. In addition RT-PCR and immunohistochem-
istry showed expression of cartilage specific molecules
including type II collagen and aggrecan.13,14
INDUCTION OF MECHANICAL STRAIN BY CYCLICAL
PRESSURIZATION
The technique used has been previously described in
detail.13,14,20 In brief, flexible, plastic tissue culture dishes
were placed in a sealed pressure chamber with inlet andoutlet ports. The chamber was pressurized with nitrogen
gas from a cylinder, the frequency of pressurization being
dictated by an electronic timer controlling the inlet and
outlet valves. The standard regime of cyclical pressuriz-
ation used in this study consisted of pressure pulses of
50 kPa above atmospheric pressure at a frequency of
0.33 Hz (2 s on, 1 s off) for 20 min. Cyclical pressurization
in this system has been shown to induce deformation and
strain on the base of the plastic tissue culture dish and its
adherent cells.14 A pressure pulse of 50 kPa results in
3000 strain on the base of the dish.
EXPERIMENTAL PROTOCOL
Membrane potentials of chondrocytes were recorded
using a single electrode bridge circuit and calibrator as
previously described in detail.14,21 Microelectrodes having
tip resistances of between 40 and 60 meg ohms and tip
potentials of approximately 3 mV were used to impale the
cells. Results from a cell were accepted if on impalement
there was a rapid change in membrane voltage potential
level in the cell and if this membrane potential remained
constant for at least 60 s. In each set of experiments, a
control dish of chondrocytes was examined whose culture
medium did not contain any agent to be tested. Resting
membrane potentials of 5–10 cells were measured and,
following addition of the reagent to be tested to the culture
medium (30 min for antibodies, 10 min for inhibitors of
intracellular signalling molecules), membrane potentials
were assessed in a further 5–10 cells to establish whether
the reagent itself had an effect on the resting membrane
potential of the cells. Then, following a 20 min period of
cyclical PIS, membrane potentials were recorded in a
further 5–10 cells. Reagents being studied were in contact
with cells throughout the period of mechanical stimulation
and afterwards when post-stimulated membrane potentials
were measured. Only isolated chondrocytes were tested.
There is no significant difference in membrane potential of
cells in different parts of the culture dishes. Separate dishes
were used for each reagent tested. At least three exper-
iments with cells from three separate donors were
performed with each reagent.
CHEMICAL REAGENTS AND ANTIBODIES
P4C10 (anti-1 integrin), P1D6 (anti-5 integrin) and
P1F6 (anti-V5 integrin) were obtained from Life Tech-
nologies (Paisley, U.K.). The inhibitors of intracellular sig-
nalling molecules used were: staurosporine and calphostin
C, inhibitors of protein kinase C;23–25 neomycin an inhibitor
of phospholipase C;26,27 and genistein, a tyrosine kinase
inhibitor.28 Tetrodotoxin was used to block sodium chan-
nels;29 apamin was used to block small conductance Ca2+
dependent K+ channels30 and gadolinium was used to
block stretch-activated ion channels.31 Cytochalasin D was
used to disrupt the actin cytoskeleton.32 All reagents were
obtained from Sigma (Poole, U.K.) unless otherwise stated.
STATISTICS
The mean, standard deviation and standard error of the
mean were determined in each experiment. For statistical
comparisons, when the F ratio of the two variances
reached significance, the nonparametric Mann–Whitney
274 S. J. Millward-Sadler et al.: Mechanotransduction in OA chondrocytestest was used. When the ratio did not reach significance the
Student t-test was used.
Results
CHONDROCYTES FROM NORMAL AND OA ARTICULAR CARTILAGE
SHOW DIFFERENT ELECTROPHYSIOLOGICAL RESPONSES TO
0.33 HZ CYCLICAL PIS
Chondrocytes extracted from macroscopically normal
articular cartilage of the tibial plateaux (six experiments, six
donors) and femoral condyles (10 experiments, six donors)
and grown in monolayer culture showed a hyperpolariz-
ation response to 0.33 Hz cyclical PIS (Fig. 1) consistent
with our previously published observations.13,14,20 In con-
trast, chondrocytes from both femoral articular cartilage (18
experiments, seven donors) and tibial plateaux articular
cartilage (six experiments, three donors), showing macro-
scopic features of osteoarthritis (Collins grade 2–3),
showed a depolarization response when subjected to
0.33 Hz cyclical PIS (Fig. 1). This depolarization response
was a constant finding in experiments on chondrocytes
from osteoarthritic articular cartilage and was independent
of donors’ age and sex.ION CHANNELS INVOLVED IN THE DEPOLARIZATION RESPONSE OF
OSTEOARTHRITIC CHONDROCYTES
The hyperpolarization observed in normal articular
chondrocytes subjected to 0.33 Hz PIS follows activation of
apamin-sensitive SK channels resulting in an efflux of K+
ions.13 Apamin had no effect on the depolarization
response of chondrocytes derived from osteoarthritic carti-
lage subjected to the same mechanical stimulation (Table
I). The depolarization response, however, was completely
inhibited by tetrodotoxin suggesting activation of Na+
channels following 0.33 Hz PIS in chondrocytes from osteo-
arthritic cartilage. 10 M gadolinium also completely abro-
gated the depolarization response of chondrocytes
from osteoarthritic cartilage suggesting involvement of
stretch-activated ion channels in the signal transduction
pathway.
THE ROLE OF INTEGRINS AND THE ACTIN CYTOSKELETON IN THE
DEPOLARIZATION RESPONSE IN OSTEOARTHRITIC
CHONDROCYTES
The addition of anti-integrin antibodies had no effect on
the resting membrane potential of the chondrocytes. Cells
remained adherent with no change in cell shape. Both the
anti-1 antibody P4C10 and the anti-5 integrin antibody
P1D6 inhibited the depolarization response in OA chondro-
cytes following 0.33 Hz PIS (Table II). In contrast the
anti-V5 antibody P1F6 had no effect on the electro-
physiological response of these cells to identical stimula-
tion. Cytochalasin D, which disrupts the actin cytoskeleton,
caused a small but reproducible and statistically significant
decrease of membrane potential when applied to OA
chondrocytes for 10 min, an effect we have previously seen
with normal chondrocytes.14 However, a further, significant,
membrane depolarization was seen following 0.33 Hz
mechanical stimulation of OA chondrocytes in the presence
of cytochalasin D.
EFFECT OF INHIBITORS OF INTRACELLULAR SIGNALLING
MOLECULES IN THE DEPOLARIZATION RESPONSE IN
OSTEOARTHRITIC CHONDROCYTES
The results are shown in Table III. Of the reagents
tested, only calphostin C had a significant effect on restingFig. 1. Electrophysiological response to mechanical stimulation in
chondrocytes extracted from macroscopically normal and osteo-
arthritic articular cartilage of human knee joints. Results are from a
single experiment and are consistent between experiments and
between cells from different donors.Table I
Effect of ion channel blockade on OA chondrocyte response to 0.33 Hz mechanical stimulation. Results shown
are from a single experiment and are consistent between experiments and between cells from different
individuals for apamin (three donors), tetrodotoxin (three donors) and gadolinium (three donors)
Membrane potential (−mV) (mean±SEM)
Reagent Conc Resting
Reagent
alone
Reagent
post-PIS
% Change
post-PIS* P-value*
Nil 37.2±0.5 23.8±0.7 −36 0.002
Apamin 4.9 M 37.6±1.4 37.8±1.3 20.2±0.6 −47 0.0001
Tetrodotoxin 1 M 30.2±1.7 32.0±1.7 31.0±1.1 −3 NS
Gadolinium 10 M 33.1±0.9 33.5±1.0 33.5±0.4 0 NS
NS=not significant.
*Compared with reagent alone.
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The depolarization response in OA chondrocytes following
0.33 Hz PIS was inhibited by genistein, an inhibitor of
tyrosine kinase activity. Neomycin, an inhibitor of phos-
pholipase C (PLC), completely blocked the depolarization
response. In contrast, in separate experiments, inhibition of
PKC by calphostin C and staurosporine had no effect on
the depolarization response of OA chondrocytes to 0.33 Hz
mechanical stimulation.
Discussion
These studies have demonstrated that chondrocytes
derived from normal articular cartilage obtained from tibial
plateaux and femoral condyles of human knee joints show
a consistent and reproducible membrane hyperpolarization
response to 0.33 Hz cyclical PIS. This is consistent with our
previous studies which were undertaken on pooled
chondrocytes taken from different regions of macroscopi-
cally normal knee joint articular cartilage.12,13 By contrast,
this study shows that human chondrocytes derived from
Collins grade 2–3 osteoarthritic articular cartilage of fem-
oral condyles and tibial plateaux, when subjected to the
same mechanical stimulus, depolarize their plasma
membrane.
Intraarticular pressures fluctuate between 0.2 MPa and
3–4 MPa during the normal walking cycle but pressures
can rise to 10–20 MPa in human hip cartilage on standing.Compressive loading results in a number of changes in
cartilage including cell and matrix deformation, production
of hydrostatic pressure gradients, fluid flow, streaming
potentials, and alterations in matrix water content, fixed
charge density, mobile ion concentrations, pH and osmotic
pressure.10–12 The forces used in our model system are
much less than those to which cartilage is normally
exposed in vivo and less than that which others have used
for mechanical compression of cartilage explants. How-
ever, in monolayer culture, these forces result in a number
of cellular responses other than membrane change, includ-
ing increased levels of aggrecan mRNA33,34 and elevation
of proteoglycan synthesis. Chondrocytes are protected by
the presence of the collagen and proteoglycan rich matrix
in vivo and the degree of force which is directly transmitted
to the chondrocyte itself has not been clearly defined but
potentially is of a lesser degree.
In our system, a plastic petri dish of cells is placed upon
a platform within a high-density polyethylene cylinder, pro-
ducing two chambers above and below the dish. Gas
enters the space above the dish rapidly, under controlled
pressure, and the base of the petri dish becomes distorted
because the time constant for equilibration of pressure
above and below the dish is different due to differences in
volumes of the spaces involved and the relative inaccessi-
bility of the space below the dish for entering gas.13 The
cells on the petri dish are subjected to an increase in both
pressure and stretch as a result of deformation of the baseTable II
The effect of anti-integrin antibodies and disruption of the actin cytoskeleton on OA chondrocyte response to
0.33 Hz mechanical stimulation. Results shown are from a single experiment and are consistent between
experiments and between cells from different individuals for P4C10 (three donors), P1D6 (three donors), P1F6
(three donors) and cytochalasin D (three donors)
Membrane potential (−mV) (mean±SEM)
Reagent Conc Resting
Reagent
alone
Reagent
post-PIS
% Change
post-PIS* P-value*
No treatment 42.2±1.6 30.8±0.4 −27 0.002
Anti-integrin antibodies
P4C10 (anti-1) 1 g/ml 42.0±1.5 40.8±0.46 41.0±0.98 0 NS
P1D6 (anti-5) 1 g/ml 41.4±1.2 41.5±1.46 42.1±1.46 +1 NS
P1F6 (anti-V5) 1 g/ml 34.2±0.7 33.8±0.6 23.6±0.51 −31 0.0001
Cytochalasin D 2 M 36.7±0.7 28.9±1.4 20.8±1.1 −28 0.0002
NS=not significant.
*Compared with reagent alone.Table III
Effect of inhibitors of intracellular signalling on the depolarization response of osteoarthritic chondrocytes. Results
shown are from a single experiment and are consistent between experiments and between cells from different
individuals for genistein (three donors), Calphostin C (three donors), staurosporine (three donors), neomycin
(three donors)
Membrane potential (−mV) (mean±SEM)
Reagent Conc Resting
Reagent
alone
Reagent
post-PIS
% Change
post-PIS* P-value*
No treatment 32.6±0.7 21.0±0.3 −36 0.0001
Genistein 40 M 31.7±0.6 31.0±0.4 31.6±0.6 +1 NS
Calphostin C 1 M 35.6±1.7 28.8±2.0 21.1±2.2 −26 0.007
Staurosporine 1 M 35.2±1.0 38.2±1.5 29.8±1.7 −21 0.006
Neomycin 5 mM 32.2±1.0 36.6±0.4 36.8±1.2 0 NS
NS=not significant.
*Compared with reagent alone.
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system is secondary to stretch rather than pressure for a
number of reasons. When a nondeformable, pyrex glass
dish is used in our system, cells do not show an electro-
physiological response at the standard pressures used.
Similarly, when deformable plastic dishes are suspended in
the centre of the chamber, allowing free flow of gas without
deformation of the base of the dish, there is no response of
the cells to the increased pressure in the system.13 Fur-
thermore, we have developed a system in which the base
of the petri dish is deformed as a result of increased gas
pressure on the underside of the dish while the pressure on
the upper side remains unchanged. In this system, where
cells are subjected to stretch without an increase in press-
ure, the electrophysiological response is identical to that in
the system used in this study (unpublished observations).
During the cyclical stimulation procedure the microstrain on
the base of the dish is 3000, which is equivalent to 0.3%
deformation. Movement of fluid is slight but noticeable to
the naked eye during the period of stimulation. The cells will
be subjected to fluid shear stress in addition to stretch,
although the degree of the former is not known. Chondro-
cytes respond to fluid flow12 and it is possible that fluid flow
contributes to the cell stimulus in our system.
The hyperpolarization response in normal chondrocytes
following 0.33 Hz PIS is associated with opening of
small conductance (SK) calcium-dependent K+ chan-
nels.13,14,20 The signal transduction pathway leading to
this response involves cell interactions with extracellular
matrix ligands via 51 integrin, stretch activated ion chan-
nels and a number of integrin-associated signalling mol-
ecules including involvement of the actin cytoskeleton and
tyrosine phosphorylation.13,14 In contrast the depolarization
response in chondrocytes derived from osteoarthritic carti-
lage to 0.33 Hz PIS appears to be associated with acti-
vation of a tetrodotoxin sensitive Na+ channel. The results
of the experiments with anti-integrin antibodies and 10 M
gadolinium suggest that the signal transduction pathway
activated by 0.33 Hz PIS which results in membrane depo-
larization involves both 51 integrin and stretch activated
ion channels as does the hyperpolarization response in
normal chondrocytes. Tyrosine kinases and phospholipase
C also appear to be involved in the signalling pathways
which result in hyperpolarization in normal chondrocytes
and depolarization in osteoarthritic chondrocytes following
0.33 Hz PIS. However, calphostin C, staurosporine and
cytochalasin D, which inhibit the hyperpolarization
response in normal chondrocytes, had no effect on the
depolarization response in osteoarthritic chondrocytes sug-
gesting that activation of PKC and the actin cytoskeleton
are not involved in the signal transduction pathway which
leads to membrane depolarization of chondrocytes from
osteoarthritic cartilage following cyclical PIS.
The reason why the electrophysiological response to
cyclical PIS in chondrocytes from osteoarthritic cartilage
differs from that in cells from normal articular cartilage is
unclear. Alterations in the expression or activity of one or
more of the molecules involved in the signal transduction
pathway could conceivably modify the response of osteoar-
thritic chondrocytes. Using RTPCR with specific primers,
we have shown that both chondrocytes derived from nor-
mal and OA cartilage express SK channels (unpublished
observations), which are the channels involved in the
hyperpolarization response. It is therefore likely that failure
to hyperpolarize is the result of activation of different
signalling pathways as suggested by the results obtained
using the inhibitors of intracellular signalling molecules.The difference in responses to cyclical PIS is a further
example of phenotypic difference between chondrocytes of
normal and osteoarthritic cartilage. Other well recognized
differences, which are believed to represent a reparative or
remodelling response of chondrocytes following damage
to cartilage, can be demonstrated both in vivo and in vitro
and include altered production of extracellular matrix
molecules, cytokines and proteases.35 These changes in
osteoarthritic cartilage can influence chondrocyte activity
by modifying cell–matrix interactions following cytokine-
modulation of chondrocyte integrin expression.36 Alter-
ations in matrix content may also be a consequence of
changes in integrin ligand availability in the pericellular
matrix following action of proteases and changes in
chondrocyte synthetic activity. Immunohistochemical and
biochemical studies have provided support for the idea that
changes in chondrocyte–matrix interactions do occur in
osteoarthritis. Recent evidence suggests that the range of
integrin and other adhesion molecules expressed by
chondrocytes is modified in osteoarthritis increasing the
potential for altered cell-matrix interactions.36–40 There are
also changes in the expression of a number of extracellular
matrix molecules, such as fibronectin and tenascin,41–43
which function as potential integrin ligands and these may
influence integrin-mediated signalling.44
Our studies support the idea that integrins act as mech-
anoreceptors45,46 and suggest that 51 integrin, in par-
ticular, functions to transduce a mechanical signal into a
cellular response in both normal14 and osteoarthritic
chondrocytes. This makes it likely that the difference in the
electrophysiological response in normal and OA chondro-
cytes to 0.33 Hz PIS is not the result of mechanotransduc-
tion via a different integrin. Rather, the difference in
response of OA chondrocytes appears to be the result of
altered activation of a different intracellular signal cascade
via 51. Regulation of integrin-signalling is complex.47
Conformational changes in the extracellular domain of
integrins which result in changes in affinity can be gener-
ated by activating signals from growth factors, cytokines
and neuropeptides, a process termed ‘inside out’ signal-
ling.47 Modulation of ‘outside in’ integrin signalling may also
occur as a result of growth factor regulation of intracellular
molecules such as Rho.48 In OA there is an increased
production of a variety of locally acting signalling cytokines
including interleukin 1 (IL-1),49 and tumour necrosis fac-
tor50 which may regulate integrin mediated signalling by
either of these pathways. Clancy et al.51 have recently
shown that nitric oxide (NO) and NO-producing cytokines,
including IL-1 can exert profound effects on fibronectin
51 signalling in bovine chondrocytes. In these studies
NO inhibited fibronectin mediated proteoglycan production
without influencing fibronection binding to chondrocytes.
This was associated with inhibition of actin polymerization
and failure in focal adhesion kinase and rho A to translocate
to the site of 51 ligation. This suggests the possibility that
changes in autocrine/paracrine cytokine activity may influ-
ence the intracellular signalling processes that occur via
51 integrin following mechanical stimulation, directly or
indirectly through production of NO.
In conclusion we have demonstrated that chondrocytes
from osteoarthritic cartilage exhibit a tetrodotoxin-sensitive
membrane depolarization in response to 0.33 Hz PIS,
unlike chondrocytes from normal cartilage which hyperpo-
larize in response to cyclical mechanical strain. Transduc-
tion of the mechanical stimulus in chondrocytes from both
normal and osteoarthritic cartilage is dependent on 51
integrin, stretch-activated ion channels, tyrosine kinases
Osteoarthritis and Cartilage Vol. 8 No. 4 277and PLC; but neither the actin cytoskeleton nor protein
kinase C, which are molecules involved in the membrane
hyperpolarization response of chondrocytes from normal
cartilage, are necessary for the depolarization response of
chondrocytes from osteoarthritic cartilage. Altered mechan-
otransduction via 51 integrin in osteoarthritic chondro-
cytes may have important effects on the response of
chondrocytes to mechanical stimulation in vivo which may
contribute to further cartilage breakdown and disease pro-
gression in human OA52 as well as mechanically induced
models of animal OA.53
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